CpG methylation in vertebrates is important for gene silencing, alterations in chromatin structure and genomic stability, and differences in the DNA-methylation status are correlated with imprinting phenomena, carcinogenesis and embryonic development. Methylation signals are interpreted by protein factors that contain shared methyl-CpG-binding domains (MBDs). We have determined the solution structure of the MBD of the human methylation-dependent transcriptional repressor MBD1 by multi-dimensional heteronuclear NMR spectroscopy. It folds into an α/β-sandwich structure with characteristic loops. Basic residues conserved in the MBD family are largely confined to one face of this fold and a flexible loop, which together form a large positively charged surface. Site-directed mutagenesis and chemical shift changes upon complexing with a methylated DNA facilitated identification of this surface as the DNA interaction site. In addition to three basic residues, conserved Tyr34 and Asp32 were shown to be important for the DNA binding.
Introduction
CpG methylation in vertebrates is important for control of gene activity either through effects on a single promoter region, or through global mechanisms that affect many genes (Bird, 1992; Kass et al., 1997a; Siegfried and Cedar, 1997; Eden et al., 1998; Razin, 1998; Tajima and Suetake, 1998) . Differences in the DNA-methylation status correlate with a wide range of biological phenomena, including genomic imprinting, carcinogenesis, X inactivation and embryonic development (Ballabio and Willard, 1992; Li et al., 1993; Tate et al., 1996 ; R.Z. Chen et al., 1998; Surani, 1998) . The methylation of promoter-associated CpG islands is involved in the transcriptional repression of tumor suppressor genes in tumor cells and imprinted genes (Sutcliffe et al., 1994; Feinberg et al., 1995; Lalande, 1996; Baylin et al., 1998) . On the other hand, genomewide demethylation has been suggested to be an early step in carcinogenesis. DNA hypomethylation was shown to lead to elevated mutation rates, and is associated with the occurrence of chromosomal abnormalities (Fearon and Vogelstein, 1990 ; R.Z. Chen et al., 1998) .
The signals that DNA methylation represents are interpreted by protein factors that contain common MBD sequences; there are at present five known family members: MeCP2, MBD1 (formerly PCM1), MBD4/MED1, MBD2 and MBD3 (Figure 1 ) (Hendrich and Bird, 1998; Bhattacharya et al., 1999) . Mammalian cells have the potential to encode both long and short forms of MBD2, and these have been termed MBD2a and 2b, respectively (Hendrich and Bird, 1998) . One of them, MBD2b, was proposed to have methyl-CpG-specific demethylase activity (Bhattacharya et al., 1999) , but more recent publications reported that MBD2b and its related proteins had failed to demethylate DNA, and instead implicate MBD2 in transcriptional repression Wade et al., 1999) . MBD4/MED1, another member of the MBD family, was shown to be an endonuclease that forms a complex with the DNA mismatch repair protein, MLH1, which suggests that MBD4/MED1 may be involved in mismatch repair and be responsible for maintenance of genome stability (Bellacosa et al., 1999) . Recently, Hendrich et al. (1999) showed that MBD4/MED1 has DNA glycosylase activity and can remove thymine from a mismatch CpG site in vitro, and that its MBD binds preferentially to methyl-CpG·TpG mismatches. MBDs have also been found in Xenopus laevis. Wade et al. (1999) showed that X.laevis Mi-2 complex contains MBD3 and MBD3 LF, whose sequences are substantially similar to mammalian MBD3. MBD3 LF is a product of an alternative splicing variant, and contains an insertion of 20 amino acid residues. Sequences of all the MBD family are highly conserved. All but mammalian MBD3 and X.laevis MBD3 LF have been shown to bind specifically to symmetric methyl-CpG, and the binding appears to be as a monomer and be independent of the sequence context outside of the CG sequence (Nan et al., 1993; Hendrich and Bird, 1998; Chandler et al., 1999) .
Methyl-CpG binding proteins (MeCPs) 1 and 2 contribute to methylation-dependent gene silencing (Meehan et al., 1989; Boyes and Bird, 1991; Lewis et al., 1992; Kass et al., 1997b; Nan et al., 1997; Bergman and Mostoslavsky, 1998) . MeCP2 was shown to bind to a methylated DNA and to recruit the Sin3-histone deacetylase complex to promoters, resulting in deacetylation of core histones and subsequent transcriptional silencing Nan et al., 1998) . In a like manner, MeCP1 is a histone deacetylase complex that includes MBD2, RbA p48/p46, histone deacetylases (HDACs) 1 and 2, Sin3A and its related proteins Wade et al., 1999) . This complex is capable of repressing transcription from closely and sparsely methylated promoters, and its activity is ubiquitous in somatic cells and tissues but is notably absent in ES cells The numbering is shown for human MBD1. Conserved residues are boxed. The secondary structure of human MBD1 is indicated at the top. Important residues discussed in the text are colored (blue, basic; yellow, hydrophobic; green, acidic or polar). The sequences aligned are those of MBD1, MeCP2, MBD4 (also called MED1), MBD2 and MBD3 of human and mouse, and X.laevis MBD3 (Hendrich and Bird, 1998; Bellacosa et al., 1999; Bhattacharya et al., 1999; Wade et al., 1999) . MBD2 of human and mouse has a poteintial to encode both long (MBD2a) and short (MBD2b) forms. MBD2b starts at methionine 152 (underlined) of MBD2a. (Meehan et al., 1989; Bird, 1991, 1992) . Besides these two complexes of MeCPs, other histone deacetylase core complexes were found to contain members of the MBD family. NuRD, a multisubunit complex having nucleosome remodeling and histone deacetylase activities, contains MBD3 and Mi-2 (Wade et al., 1999; Zhang et al., 1999) . Mi-2 is known to be a member of the Swi2/Snf2 helicase/ATPase family (Wade et al., , 1999 . These observations illustrate a close link between CpG-methylation and histone deacetylation.
MBD1 was proposed to be a component of MeCP1, but this conclusion has been questioned (Cross et al., 1997; Ng et al., 1999) . Recently, Fujita et al. (1999) showed that MBD1 can bind to methylated CpG islands from the tumor suppressors p16, VHL and E-cadherin, and imprinted SNRPN genes, and inhibit promoter activities of these genes in a methylation-dependent manner in vitro and in the cells. Here we describe the solution structure of MBD1 MBD. Based on the structure and results of chemical shift perturbation experiments and site-directed mutagenesis, we identified residues that are critical for binding to methylated CpG.
Results

Structure determination
Structure of the MBD of human MBD1 (residues 1-75) was determined from a total of 1329 NMR-derived distance and torsion angle restraints. The statistics for the 25 final structures are shown in Table I . The backbone and hydrophobic side chains have been well defined, except for a loop region (L1; residues 21-31), and N-and Cterminal residues. For loop L1, few long-range NOEs were observed. The local sequential NOE patterns and 1 H-15 N heteronuclear NOE values of this region are characteristic of an unstructured and flexible loop. In addition to this region, the N-terminal residues, including Met-1 and Ala-2, and the six C-terminal residues have not been defined regarding structure. Figure 2A depicts the backbones (N, C α , CЈ) of the 25 final structures derived (Koradi et al., 1996) . Secondary structure elements are indicated. The disordered two N-terminal and six C-terminal residues are omitted from the figures for clarity.
from NMR data. The r.m.s. deviation (RMSD) of residues 3-69 from the mean coordinate positions, excluding loop L1, is 0.45 Å for the backbone heavy atoms, and 0.98 Å for all non-hydrogen atoms.
Structure description
The three-dimensional structure of the MBD has a compact fold, the N-and C-termini being on opposite faces of the molecule. It assumes an α/β-sandwich fold: one layer consists of a four-stranded twisted β-sheet (strand β1, residues 6-8; β2, 15-20; β3, 32-37; β4, 41-43) , and the other layer comprises a helix (α1, residues 47-53) with a characteristic hairpin loop at the C-terminus ( Figure 2B ).
Both helix α1 and the β-sheet have an amphipathic character, and their hydrophobic faces are tightly packed against each other, so that helix α1 and strand β4 are arranged in a roughly antiparallel manner. The MBD contains three long loops, L1, L2 and the C-terminal hairpin loop. Loop L2 (residues 54-61), which connects helix α1 and the hairpin loop, is well defined. It starts at a characteristic short turn at Gly54-Pro55, followed by a helical coil arranged antiparallel to α1. The C-terminal hairpin loop (residues 62-68) resembles a β hairpin, with a main chain hydrogen bond between Gly67 H N and Asp63 CЈϭO in its stem region. This loop has structurally vital hydrophobic residues, Phe62 and (Nicholls et al., 1991) viewed in the same orientation as in Figure 2 . The conserved basic and acidic residues are colored in blue and green, respectively. The hydrophobic superficial patches made up of the conserved residues are colored in yellow. The location of Ser45 is also indicated. (B) Distribution of the electrostatic potential on the solvent-accessible surface (Nicholls et al., 1991) . Blue corresponds to positive potential and red to negative potential.
Phe64, which stabilize orientation of the hairpin relative to the rest of the molecule, and are identical in all MBD family members. Substitution of Phe64 by alanine caused disruption of the native tertiary structure and a consequent loss of the DNA binding (see Mutagenesis and DNA binding assays, below). Deletion of residues 157-162 from MeCP2, which corresponds to most of the hairpin loop of MeCP2, resulted in a total loss of methylCpG binding activity, further indicating the structural significance of the hairpin loop (Nan et al., 1993) . With knowledge of the tertiary structure of the MBD and structurally vital residues, we could align sequences of the MBD family, as shown in Figure 1 , finding the insertion of four residues at the junction between L2 and the hairpin loop in both MeCP2 and MBD4. Considering the insertion position in the tertiary structure, these residues would not be expected to have a large impact on the overall folding of these proteins. In contrast to L2, L1 (residues 21-31) apparently does not form a single definite structure judging from observation of the few long-range NOEs, although its residues are highly conserved in the MBD family. 1 H-15 N heteronuclear NOE measurements (Cavanagh et al., 1996) showed smaller NOE values for residues in this loop (0.34 Ϯ 0.17) than for the structurally well defined region (0.70 Ϯ 0.08), further indicating that L1 is highly mobile in solution.
This MBD fold generates a well defined hydrophobic core that includes the entire polypeptide domain, and is formed by Leu11, Trp15, Thr33, Tyr35, Ile43, Leu49, Leu53, Leu59, Phe62 and Phe64. The high degree of conservation of these residues in mammalian and X.laevis MBDs, which are responsible for structural integrity of the domain, suggests that the folding is essentially identical throughout the MBD family (Figure 1 ). Side chains of most of the conserved hydrophobic residues point to the interior of the protein. Exceptions are Tyr34 and Tyr52. These residues are highly conserved and their aromatic rings largely exposed to the solvent.
In addition to hydrophobic residues that form the core, several basic residues are well conserved in the mammalian and X.laevis MBD family. Side chains of these residues are exposed to the solvent, are largely confined to one side of the molecule and cause positive charges on the surface ( Figure 3A and B), while Arg17 is located on the other side. Well conserved Arg30, Arg42, Arg44, Lys46 and Lys65 are lined up in the middle of this basic surface, and Arg22 and Lys23 are clustered in loop L1.
DNA binding site
To identify the DNA binding site, we did chemical shift perturbation experiments. A 15 N-labeled MBD was titrated with an unlabeled double-stranded oligonucleotide carrying a methyl-CpG pair. Selective chemical shift changes were observed for signals in the ( 15 N, 1 H) HSQC spectrum upon complex formation ( Figure 4A ). As is often seen for strong interactions, a slow exchange mode was exhibited at the NMR time scale, whereas titration with a non-methylated DNA revealed smaller chemical shift changes and a fast exchange mode (data not shown).
Strongly affected residues were observed in loop L1, the linker between strand β4 and helix α1, and the tip of the hairpin loop, as well as in their neighboring regions ( Figure 4A ). These putative DNA-binding residues form a continuous surface on one side of the molecule, which greatly overlaps the area covered by the conserved basic residues, suggesting that they are involved in the interaction with DNA ( Figure 4B ). In addition to these basic ones, three conserved residues, Asp32, Tyr34 and Ser45, are located in the middle of the putative DNA site. Of them, Tyr34 forms a superficial hydrophobic patch together with another conserved residue, Phe64 ( Figure 3A) .
13 C α , 13 C β and 13 CЈ chemical shifts depend on the main Foster et al., 1998) . The residues strongly affected with addition of the methyl-CpG DNA are in red (δ av /δ max Ͼ0.2) or magenta (0.1 Ͻδ av /δ max ഛ 0.2).
chain dihedral angles, and are good indicators of the secondary structure (Wishart and Sykes, 1994 
Mutagenesis and DNA binding assay
In order to identify amino acids that are important for DNA binding activity of MBD, site-directed mutants were prepared in a GST-fusion form, and each was examined as to the potential to bind to a double-stranded oligonucleotide carrying a methyl-CpG pair, by means of gel-shift assays.
The following eight residues for mutation were chosen based on results of chemical shift perturbation experiments, the sequence homology and the NMR structure: Arg22, Arg30, Asp32, Tyr34, Arg44, Ser45, Tyr52 and Phe64. We only chose surface-exposed residues, except for Phe64, whose side chain aromatic ring is 50% exposed in the ensemble of the 25 NMR structures. All point mutations were to alanine. For each of the mutants except S45A, a 15 N-labeled MBD was prepared and the 1 H-15 N HSQC spectrum was compared with that of the wild-type MBD. If mutants are structurally similar to wild type, 1 H-15 N HSQC spectra with chemical shift differences only for residues in the vicinity of the mutation site and in the flexible part are expected. On the other hand, mutant proteins that disrupt the native fold show differences throughout the spectra. Only one of the eight mutants, F64A, caused changes indicative of disruption of the native tertiary structure. For Y52A, the spectrum showed a minor conformational change. All the other mutants (R22A, R30A, D32A, Y34A and R44A) showed no evidence for mutant-induced disruptions of the native fold. We could not obtain a sufficient amout of the S45A MBD for 1 H-15 N HSQC measurements. However, a 1 H NMR spectrum of the S45A MBD showed no evidence for disruption of the native overall fold.
Six of the eight mutant proteins (R22A, R30A, D32A, Y34A, R44A and F64A) exhibited a considerably decreased ability to bind to methylated CpG in the gel-shift assays ( Figure 5A ). Methyl-DNA bound fractions for each protein, obtained from the averaged value of four experiments, were: 0.95 for the wild protein, 0.0 for R22A, 0.04 for R30A, 0.02 for D32A, 0.15 for Y34A, 0.0 for R44A, 0.48 for S45A, 0.83 for Y52A and 0.0 for F64A. For F64A, the loss of the binding activity is apparently due to disruption of the native tertiary structure. Thus, the mutagenesis indicated that the five residues (Arg22, Arg30, Asp32, Tyr34 and Arg44) are important for the binding. As shown in Figure 5B , these important residues are all clustered in the middle of the putative DNA binding site suggested by evidence in the chemical shift perturbation experiments. Of the remaining two mutants, Y52A could bind to the DNA with a similar affinity to that seen with the wild protein, and the mutation of Ser45 caused a moderate loss of DNA binding activity.
Discussion
Comparison of MBD with other DNA-binding domains
The secondary structure organization of the MBD fold has a limited similarity to those of several known DNA binding proteins. For example, both the N-terminal domain of the Tn916 integrase and the GCC-box binding domain of AtERF1 have a three-stranded antiparallel β-sheet and a C-terminal helix, which are packed against each other, thus resembling the MBD (Allen et al., 1998; Wojciak et al., 1999) , although there is no apparent sequence similarity between the MBD and these proteins. RMSDs between MBD and the integrase (PDB accession code 2bb8) (1.97 Ϯ 0.08 Å over the 22 C α coordinates for residues in β2, β3, β4 and α1 of MBD), and MBD and the GCC-box binding domain (PDB accession code 2gcc) (3.42 Ϯ 0.04 Å over the 22 C α coordinates for residues in β2, β3, β4 and α1 of MBD), indicate a distant similarity in topology. However, neither the integrase nor the GCCbox binding domain has a hairpin loop similar to that of the MBD. To check the uniqueness of the MBD fold, the coordinate of the lowest energy structure was compared 6658 against a database of known structures, using the DALI server version 2.0 (Holm and Sander, 1993) . This analysis showed that there is no previously determined structure with the Z score ജ2.0, suggesting that MBD is like no other structure in the database. The comparison with the nucleic acid binding domain of transcriptional elongation factor TFIIS (Qian et al., 1993) gave the highest Z score (1.99 on the average for the 25 calculated structures of the MBD). The structure of this domain exhibits a threestranded antiparallel β-sheet and a Cys-4 Zn 2ϩ binding site and contains no α helix or loop similar to those of MBD; therefore, the similarity is limited to the β-sheet. The Z scores between the lowest energy structure of MBD and the structue of the Tn916 integrase, and the lowest energy structure of MBD and the structure of GCCbinding domain are 1.0 and 0.8, respectively, thereby suggesting the novelty of the MBD fold.
Important residues for DNA binding
The results of site-directed mutagenesis experiments are in good agreement with the DNA binding site suggested from chemical shift perturbation experiments. The putative DNA binding site is made up of several conserved residues. Of these, the following five residues were shown to be important for the DNA binding by the mutagenesis: Arg22, Arg30, Asp32, Tyr34 and Arg44.
One of them, Tyr34, forms a continuous hydrophobic patch in the middle of the putative DNA binding site, together with Phe64 ( Figure 3A) . The aromatic ring of Tyr34 is largely exposed to the solvent (Ͼ80% in the ensemble of the 25 NMR structures), while that of Phe64 on one face projects inward to establish the protein core and on the other side is exposed. There are no other exposed methyl or aromatic groups of conserved residues in or adjacent to the DNA binding site, except for Tyr52 that is located at the far edge of the site ( Figure 4B) . However, the mutation of Tyr52 had little impact on the DNA binding activity. In previous structure determinations of the complexes of sequence-specific DNA binding proteins with DNAs, the 5-methyl groups of thymidines were commonly recognized by hydrophobic groups of the proteins, such as methyl groups, aromatic rings or long aliphatic chains, through hydrophobic interactions (Chuprina et al., 1993; Suzuki et al., 1995a,b; König et al., 1996; L.Chen et al., 1998) . As the 5-methyl groups of methyl-cytidines in the major groove of a B-form DNA are considered to be located at a similar position to the 5-methyl groups of thymidines, it can be assumed that they are mainly recognized through similar hydrophobic contacts. These observations suggest that the aromatic side chain of Tyr34 serves as a part of the contact site for methyl groups in methyl-CpG.
The mutation of another conserved residue, Asp32, located adjacent to Tyr34, also led to a large reduction in DNA binding activity, further suggesting the importance of Tyr34 (Figures 3A and 5A ). This residue is invariant in the family, and is strongly affected by DNA titration ( Figure 4B ). Because of its negatively charged side chain, it is unlikely that this residue interacts with the negatively charged phosphate backbone of a DNA. The side chain carboxyl group of Asp is capable of forming hydrogen bonds with a cytidine base (Suzuki et al., 1995a) , suggesting that Asp32 may be responsible for recognition of (Koradi et al., 1996) of the MBD with selected conserved residues in the proposed DNA binding site. Basic residues are colored in blue; aromatic residues, yellow; an acidic residue, green. Main chains of residues strongly affected by addition of methyl-CpG DNA are colored in red (δ av /δ max Ͼ0.1). The molecule is rotated approximately -90°a bout the vertical axis relative to that shown in Figures 2-5 . B-form DNA is also shown in the left-hand figure, with methyl groups in the symmetric methyl-CpG highlighted in yellow. With the DNA binding site placed in the major groove of the B-form DNA, loop L1 and the linker between strand β4 and helix α1 are located close to the phosphate backbone. The side chains of Tyr34 and Asp32 can come into contact with the methyl-CpG.
the cytosine in the methyl-CpG sequence. The mutation of another residue neighboring the hydrophobic patch, Ser45, led to a moderate loss of the binding activity ( Figure 5A ).
The mutation of either of two basic residues, Arg22 or Arg30, in flexible loop L1 led to a reduction in DNA binding activity. These mutations, as well as results of chemical shift perturbation experiments, indicated the significance of loop L1. However, because there are no conserved hydrophobic residues in loop L1, it probably does not serve as a contact site with the methyl groups of the methylated DNA. It is of interest that Arg30 was seen to be needed for sufficient DNA binding. While all the other functional MBD family members have Arg or Lys at position 30, mammalian MBD3 has a histidine at this position (Figure 1 ). This MBD3 does not bind to methylCpG, despite a high sequence homology with other functional MBD family members (Hendrich and Bird, 1998; Zhang et al.,1999) . The present mutagenesis related results suggest that the loss of binding of the MBD3 may be due to this substitution. Interestingly, unlike its mammalian counterpart, X.laevis MBD3 has a lysine at this position, and exhibits selectivity for methylated DNA (Wade et al., 1999) , further suggesting the importance of basic residues at this position in the MBD family. Xenopus laevis MBD3 LF has an insertion of 20 amino acid residues at the junction between strand β3 and the following loop (Wade et al., 1999) , and the presence of this insertion probably causes a loss of the DNA binding of MBD3 LF. Drosophila MBD-like (Wade et al., 1999 ) lacks a sequence corresponding to strand β4, helix α1 and the hairpin loop; therefore, the folding of this protein is probably dissimilar to that of MBD.
Model for the interaction between MBD and methyl-CpG
Visual inspection revealed that size and curvature of the putative DNA binding surface of the MBD fits the major groove of a standard B-form DNA. Using the chemical shift perturbation results and locations of the important residues determined through mutagenesis, we present a putative model for the complex formation between MBD1 MBD and methyl-CpG DNA, as shown in Figure 6 . Assuming that Tyr34 and Asp32 are important for recognition of the methyl-CpG sequence, the side chains of Tyr34 and Asp32 are placed in close proximity to the CG sequence. The residues of flexible loop L1 and the linker between β4 and α1 could have large interfaces with the phosphate backbone in a methylation-independent manner, as seen in winged helix-turn-helix protein-DNA interactions (Clark et al., 1993; Furui et al., 1998) . This is particularly the case for two basic residues, Arg30 and Arg44, the mutation of which had effects.
The structure of the MBD is compact, and its putative DNA binding site is confined to the limited surface of the fold. This structural feature seems to be consistent with a recent observation that no major rearrangement of corehistone DNA contacts occurs upon binding of an MBD protein, MeCP2, to exposed methyl-CpG sites in nucleosomal DNA (Chandler et al., 1999) .
Conclusion
CpG methylation, a major modification which occurs in the mammalian genome, is important in differential control of gene expression, and is involved in alteration of chromatin structure and genome stability. These effects are mainly the result of interactions between methlyated sites and methyl-CpG binding proteins. Methyl-CpG binding proteins are something of an enigma: the recognition site is short and can only be efficiently distinguished by the presence of two methyl groups. Our data provide the basis for a model of the unique interaction of the MBD with methyl-CpG, and a framework for the structural and functional analysis of the MBD family, in particular members such as MBD2 and MBD4/MED1.
Materials and methods
Sample preparation
15 N-labeled and 15 N/ 13 C-labeled GST-MBD1 1-84 fusion proteins were expressed in Escherichia coli strain DH5α grown in synthetic media containing 15 NH 4 Cl and 15 NH 4 Cl/[ 13 C]glucose, respectively, and then purified chromatographically. The nine C-terminal residues were degraded in the bacterial cells and during steps of purification. After cleavage by thrombin, MBD1 with an extra Gly-Ser sequence at its N-terminus, referred to as MBD1 MBD, was further purified chromatographically, and analyzed by TOF mass spectroscopy and N-terminal sequencing, or TOF mass spectroscopy. A palindromic 12mer oligonucleotide with methyl-CpG, 5Ј-GTATCmCGGATAC-3Ј, was chemically synthesized, annealed and used for chemical shift perturbation experiments. Samples for NMR measurements typically comprised 1.3 mM MBD1 MBD in 20 mM potassium phosphate buffer pH 6.5, 50 mM KCl, 5mM DTT.
Structure determination
NMR spectra were acquired at 303 K with a Bruker DMX500, DRX500 or DRX800 NMR spectrometer. For assignments of the 1 H, 15 N and 13 C resonances, a series of three-dimensional experiments (HNCA, HNCO, HN(CA)CO, CBCA(CO)NH, CBCANH, C(CO)NH, H(CCO)NH and HCCH-TOCSY) were done using the 15 N, 13 C-labeled protein (Cavanagh et al., 1996) . The stereospecific assignment of the methyl groups of Leu and Val residues was achieved using a 15% fractionally 13 C-labeled protein as described (Hu and Zuiderweg, 1996) . Distance information was obtained by means of 15 N-or 13 C-resolved 3D, or 15 N, 13 C-or 13 C, 13 C-resolved 4D NOESY experiments with a mixing time of 100 ms (Cavanagh et al., 1996) . For torsion angle constraints, the backbone vicinal coupling constants ( 3 J HNHα ) were determined by means of HMQC-J (Cavanagh et al., 1996) . The torsion angles, χ 1 , of Tyr35, Tyr52, Phe62 and Phe64 were estimated from 3 J CЈC γ and 3 J NC γ coupling constants (Hu et al., 1997) . The structure of MBD1 MBD was calculated with simulated annealing protocols, using X-PLOR (Brunger, 1993) . The NOE connectivities from strong, medium and weak cross peaks were categorized, and assumed to correspond to the upper limits for proton-proton distances of 3.0, 4.0 and 5.0 Å, respectively. In the final steps of structure calculation, restraints were included for 15 slowly exchanging backbone amides obtained at 283 K, pH 5.0 [2.8-3.4 Å (N-O), 1.8-2.4 Å (H-O)]. In total, 1270 NOE constraints (491 intraresidual, 302 sequential, 165 medium range and 312 long range) and 44 dihedral angle constraints were used. A total of 125 structures was calculated. Of these, the 25 structures that showed the lowest energy were selected, and analyzed using MOLMOL (Koradi et al., 1996) , AQUA and PROCHECK-NMR (Laskowski et al., 1996) software.
Chemical shift perturbation
The ( 15 N, 1 H) HSQC spectrum of MBD1 MBD complexed with a 12mer oligonucleotide duplex with methyl-CpG was compared with that of the free MBD. Since the interaction exhibited a slow exchange mode, the backbone assignment of the MBD in the complex was determined from results of CBCA(CO)NH, CBCANH, HN(CA)CO and HNCO experiments, using 15 N/ 13 C-labeled MBD1 MBD complexed with the oligonucleotide. To evaluate the effects, the normalized weighted average shift difference of the 1 H and 15 N resonances, δ av /δ max , for each residue is calculated. The weighted average shift difference, δ av , is calculated as {[δ1 H 2 ϩ (δ15 N /5) 2 ]/2} 1/2 , where δ1 H and δ15 N are the differences in p.p.m. between the free and bound chemical shifts. δ max is the maximum observed weighted average shift difference (Garrett et al., 1997; Foster et al., 1998) .
Mutational analyses
Mutant constructs were prepared with a GeneEditor in vitro sitedirected mutagenesis system (Promega), according to the manufacturer's instructions. The coding regions were sequenced. GST-MBD fusion proteins were purified. To examine DNA binding, DNA binding reactions were carried out in 10 μl of 10 mM Tris-HCl pH 8.0, 5 mM MgCl 2 , 5 mM DTT, 5% glycerol. The mixtures contained 1.7 μg of each purified protein and 74 ng of the methylated or unmethylated 12mer oligonucleotide duplex. The reactions were carried out for 30 min at room temperature. The binding reaction mixtures were loaded on a 10% acrylamide gel and run in TBE. The gels were stained with SYBR green I (Molecular Probes).
Structure data submission
The atomic coordinates have been deposited in the Protein Data Bank (accession code 1D9N).
